A 10 L upflow microbial fuel cell (UMFC) was constructed for simultaneous carbon and nitrogen removal. During the 6-month operation, the UMFC constantly removed carbon and nitrogen, and then generated electricity with synthetic wastewater as substrate. At 5.0 mg L À1 dissolved oxygen, 100 Ω external resistance, and pH 6.5, the maximum power density (P max ) and nitrification rate for the UMFC was 19.5 mW m À2 and 17.9 mg·(L d) À1 , respectively. In addition, P max in the UMFC with chicken manure wastewater as substrate was 16 mW m À2 , and a high chemical oxygen demand (COD) removal efficiency of 94.1% in the UMFC was achieved at 50 mM phosphate-buffered saline. Almost all ammonia in the cathode effluent was effectively degraded after biological denitrification in the UMFC cathode. The results can help to further develop pilot-scale microbial fuel cells for simultaneous carbon and nitrogen removal.
INTRODUCTION
Microbial fuel cells (MFCs) use bacteria to directly convert the chemical energy stored in organic matter into electricity through electrochemistry (Allen & Bennetto ) . MFCs can simultaneously convert organic compounds in wastewater into electricity and treat wastewater, and are thus receiving worldwide interest. Previous studies have shown that MFCs can degrade a wide range of organic substrates from easily degradable organics to complex wastewaters, such as glucose (Liu & Logan ) , acetate (Liu et al. ) , domestic wastewater (Min & Logan ) , and brewery wastewater (Feng et al. ) .
In recent years, nitrogen pollution such as untreated chicken manure has led to the pollution and eutrophication of surface water resources (Gungor-Demirci & Demirer ) and has thus become a serious social problem. Conventional biological nitrification is an important part of water purification and transforms the NH 4 þ into the process of nitrite and nitrate using nitrifying bacteria under aerobic conditions. Many studies have focused on removing ammonianitrogen to increase the performance of chicken manure anaerobic digestion (Bujoczek et al. ) . However, nitrogen removal is always included, thereby increasing the complexity and cost of the treatment process. Hence, creating MFCs that can removal nitrogen is gaining the interest of many In this study, a 10 L UMFC was built and operated for carbon and nitrogen removal using synthetic wastewater and chicken wastewater as substrates. The results from this study are expected to be beneficial for future applications of UMFCs in chicken manure wastewater treatment and provide valuable information for larger-scale MFC (pilotor full-scale) construction and operation.
MATERIALS AND METHODS

UMFC setup
The UMFC used in this experiment was made up of plexiglass ( Figure S1 , available online at http://www.iwaponline.com/ wst/069/705.pdf). Wastewater was fed into the anode compartment from its bottom at a flow rate of 4.6 mL min À1 , and the treated water (effluent) was discharged from the top. The reflux ratio of wastewater was 100%, and its hydraulic retention time was 18 h. The anode and cathode chamber working volume of MFC was 5,000 mL. Both anode and cathode chambers were filled with carbon felt (20 cm × 40 cm for anode and 20 cm × 40 cm for cathode). The anode and cathode chambers were connected by a proton exchange membrane (PEM, Nafion 117, Aldrich) with an area of 113 cm 2 . The electrodes were coated with insulated copper wires through a external resistance of 1,000 Ω.
Microbial inoculum and UMFC operation
The anode of the UMFC was inoculated with anaerobic sludge, whereas the cathode of UMFC was inoculated with aerobic sludge. The synthetic wastewater in the anode chamber contained (per litre of tap water): glucose, 1 g; NH 4 Cl, 0.31 g; KCl, 0.13 g; Na 2 HPO 4 .12H 2 O, 4.756 g; and NaH 2 PO 4 . 2H 2 O, 2.452 g. The synthetic wastewater in the cathode chamber contained (per litre of tap water): glucose, 0.2 g; NH 4 Cl, 0.2 g; KCl, 0.13 g; Na 2 HPO 4 .12H 2 O, 4.756 g; and NaH 2 PO 4 .2H 2 O, 2.452 g. The final pH of the medium was adjusted to 7.0 using 0.1 M NaOH or HCl. After 6 months of acclimation, the UMFC was successfully started up using the synthetic wastewater (glucose), and factors affecting nitrogen removal in the cathode chamber with synthetic wastewater were studied. Subsequently, chicken manure wastewater was used as UMFC substrate. Main parameters of the chicken manure wastewater included chemical oxygen demand (COD) ¼ 1,152.3 mg/L, NH 3 -N ¼ 18.6 mg/L and pH ¼ 7.4. The wastewater was supplied from the bottom port to the anode chamber in the UMFC, and the effluent left the anode chamber from the top port into the bottom port of the cathode chamber, eventually exiting the top of the cathode chamber. The UMFCs were placed in a dark chamber and maintained at 25 W C.
Analyses
Voltages were measured at an interval of 10 min using a precision multimeter and a data acquisition system (Keithley Instruments 2700, USA). Current (I) was calculated as I ¼ U/R, where U is voltage and R is external resistance, and power (P) as P ¼ I U. The current density and power density were calculated based on the surface area of the anode (Song et al. ) . COD and ammonia-nitrogen were analyzed according to Standard Methods (American Public Health Association ). The NH 3 -N degradation rate [V, mg·(L d) À1 ] was calculated according to the following equation:
is the effluent concentration of NH 3 -N, and t (d) is the reaction time.
RESULTS AND DISCUSSION
Synthetic wastewater
Effects of the dissolved oxygen concentration
In the traditional dual-chamber MFC system, oxygen is often used as an electron acceptor, and biological nitrification also requires oxygen. During simultaneous nitrification in the MFC cathode, the nitrifying bacteria can compete with dissolved oxygen (DO), indicating that DO levels significantly influence electricity production and nitrification in the MFC. When the DO was 0.5 mg L À1 , the cathode chamber was in a hypoxic state, the electron acceptor was insufficient, the average output voltage was 35 mV (Figure 1) , and the output voltage was low. When DO increased to 1.5 mg L À1 , the voltage in UMFC was 490 mV. Results showed that oxygen as electron acceptor was conducive to electricity production in the UMFC. When the DO was 5.0 mg L À1 , the voltage increased to 590 mV. When DO increased to 6.5 mg L À1 , the increase in voltage was insignificant, and the voltage was only 597 mV. The NH 3 -N concentration versus time under different DO concentrations was also investigated (Figure 2) . The nitration reaction (Equation (2)) showed that the reaction was limited because of the lack of oxygen.
Thus, NH 3 -N degradation rates were only 0.5 and 0.65 mg·(L d) À1 at 0.5 and 1.5 mg L À1 DO, respectively. When DO increased to 3.5 mg L À1 , the NH 3 -N degradation rates increased to 4.85 mg·(L d) À1 . The highest NH 3 -N degradation rate [6.7 mg·(L d) À1 ] was obtained, when the DO was 5.0 mg L À1 . The NH 3 -N degradation rate at 6.5 mg L À1 DO was approximately the same as that at the 5.0 mg L À1 DO. Results showed the DO close to the saturation minimally affected NH 3 -N degradation and electricity production. Therefore, the lower DO was not conducive for the electricity production and NH 3 -N degradation, whereas high DO increased energy consumption. Thus, 5.0 mg L À1 DO was suitable for the UMFC system.
Effects of external resistance
DO in the cathode chamber of the UMFC was maintained at 5.0 mg L À1 , and the effects of external resistance from (1,000 to 10 Ω) on the performance of UMFC were investigated. The maximum power density (P max ) of the UMFC increased with decreased external resistance ( Figure S2 , available online at http://www.iwaponline.com/wst/069/705.pdf). The highest P max of 19.5 mW m À2 was produced by UMFC with 10 Ω, which was 3.2 times than that of UMFC with 1,000 Ω. The effect of external resistance on NH 3 -N degradation is shown in Figure 3 . The NH 3 -N concentration was undetectable in the UMFC at 100, 300, and 500 Ω on the 4th day. The NH 3 -N degradation rates of them were higher than those of UMFC at 10 and 1,000 Ω. UMFC at 10 Ω generated the highest P max , but the NH 3 -N degradation rate was not the highest in this case. UMFC at 100 Ω generated the highest NH 3 -N degradation rate [14.3 mg·(L d) À1 ]. The low resistance led to high current generation and promoted electron transfer. However, a relatively high current affected the microbe growth in the cathode at 10 Ω external resistance.
Effects of the pH
DO in the cathode chamber and the external resistances of MFC were maintained at 5.0 mg L À1 and 100 Ω, respectively. The effects of pH on the performance of UMFC were also investigated. The highest P max of 19.5 mW m À2 was produced by UMFC at pH 6.5 ( Figure S3 , available online at http:// www.iwaponline.com/wst/069/705.pdf), followed by that of UMFC at pH 7.0, whereas the UMFC at pH 6.0 and 7.5 produced the lower P max . Results showed that pH greater than 7.5 or less than 6.0 negatively affected electricity production in the UMFC. The UMFC with no buffered solution had the lowest P max (11.5 mW m À2 ). The presence of buffer solution was able to maintain a relatively stable environment for microbial growth and improve solution conductivity; thus, buffer solution favored increased in output power in UMFC. The fastest nitrification rate was 17.9 mg·(L d) À1 at pH 6.5 (Figure 4) . The lowest nitrification rate [12.4 mg·(L d) À1 ] was obtained in UMFC at pH 6.0. When the conventional dualchamber MFC for electricity production was run for a long period, the pH of anode decreased and that of the cathode increased. These changes in pH affected the microbes producing electricity; consequently, the output voltage decreased (Rozendal et al. ) . When nitrification reaction occurred in the cathode chamber, the reaction produced H þ , which can alleviate the increase in pH. Thus, the nitrification reaction in the cathode chamber played a role in regulating pH.
Chicken manure wastewater as substrate
Phosphate-buffered saline concentration
Phosphate-buffered saline (PBS) was added to increase solution conductivity of chicken manure wastewater and the effects of PBS concentration on UMFC performance were investigated. With decreased PBS concentration ( Figure 5) , the output voltage of UMFC also decreased. UMFC with 0 mM PBS had the lowest voltage (388 mV), followed by UMFC with 25 mM PBS (426 mV). Meanwhile, UMFC with 50 mM PBS had the highest voltage (500 mV). The trend of output power was the same as that of voltage. UMFC with 50 mM PBS had the highest power density (16.2 mW m À2 ), which was approximately 1.5 times that of the UMFC (10.8 mW m À2 ) with 0 mM PBS. UMFC with 50 mM had the highest electrical conductivity, which increased the conductivity of the solution, thereby reducing internal resistance and increasing the output power.
COD and NH 3 -N removal at different PBS concentrations was also investigated ( Table 1 ). The influent COD for UMFC with 25 mM PBS was 1,132.5 mg L À1 . The results showed that the addition of PBS had little effect on COD release. The outlet COD in the UMFC with 25 mM PBS was 85.7 mg L À1 with COD removal efficiency of 92.4%, whereas UMFC with 50 mM PBS had the highest COD removal efficiency (94.1%). Almost all COD was removed; this result was similar that of Zhang et al. () , who used a similar UMFC. This result showed that structural features of UMFC made it able to obtain high COD removal. NH 3 -N concentration was 18.4 to 18.6 mg L À1 in all UMFCs, indicating that PBS concentration had little effect on the release of NH 3 -N. However, the wastewater generated anaerobic fermentation through the anode chamber, and some of the organic nitrogen was released into the anode effluent; thus, the NH 3 -N concentration increased by about two-fold. The NH 3 -N removal efficiency in the anode was lower than that of 22.3% reported in an upflow air-cathode membrane-free microbial fuel cell (UAMMFC) using leachate (Zhang et al. ) ; oxygen can enter the reactor through the air-cathode and lead to some NH 3 -N removal in the UAMMFC. But when the anode effluent came into the cathode chamber in the UMFC, almost no ammonia was detected in the cathode effluent. This shows that the nitrification reaction occurred in the cathode chamber and high NH 3 -N removal can be obtained in UMFC.
CONCLUSIONS
In this study, we operated and investigated a 10 L UMFC. Under different DO, external resistance and pH, the maximum power density of 19.5 mW m À2 was obtained using synthetic wastewater as substrate. For the actual chicken manure wastewater the maximum power density was 16 mW m À2 . The UMFC can also simultaneously achieve high COD and NH 3 -N removal. The results can enable performance optimisation of the litre-scale UMFC and development of a more efficient process for both biological nitrification and wastewater treatment.
